Introduction
Stimuli responsive nanoparticles are attracting more and more attentions because of their potential for controlled drug delivery applications [1] [2] [3] [4] [5] . Among the various stimuli, light is a typical external stimulus and has many superior characters. For example, light can be easily controlled and regulated by external apparatuses, which will offer the temporal and spatial selectivity [6] [7] [8] [9] [10] ; light can induce various photochemical reactions, which makes it easy to exploit diversiform photosensitive materials [11] [12] [13] [14] . However, the tissue penetration of light is low, and providing enough photons to the stimuli responsive nanoparticles in deep tissue is difficult. Furthermore, most of photochemical reactions are induced by UV or visible light, whose harmful effects on normal tissue and health cells limit their applications in lightcontrolled drug release.
Comparing to UV and visible light, NIR light is more ideal because of its deeper penetration into tissue and less detrimental to healthy cells [15] [16] [17] . However, as mentioned above, most of photochemical reactions require high-energy UV or visible light. Recently, UCNPs have emerged as a powerful tool to convert NIR light to higher-energy light in the UV, visible, or NIR regions [18] [19] [20] . When UCNPs are incorporated in UV sensitive materials, NIR light may be able to induce the photoreaction of the UV sensitive materials in deeper tissues and decrease the damage in the radiation path from radiation source to the target tissue [21] [22] [23] [24] [25] .
Another way to overcome the drawbacks of light is to increase the sensitivity of material to light, because less requirement for photons means less radiation time of light or more efficient photochemical reaction in deeper regions. Internal stimuli are biologic properties of disease areas, such as temperature [26, 27] , pH [28, 29] , and redox potential [30, 31] , which generally are stable in the body. Therefore, when internal stimuli sensitive materials combine with a small amount of photosensitive moieties, the effect of photoreaction may be amplified by the internal stimuli [14] . For example, poly(N-isopropylacrylamide) (PNIPAM) is a typical thermosensitive polymer, which is soluble in water below its lower critical temperature (LCST) at about 32 ∘ C but insoluble above it. When NIPAMs are copolymerized with hydrophobic or hydrophilic monomers, the LCST of the copolymers will accordingly decrease or increase [32] . Based on the property of PNIPAM, Ionov and Diez synthesized photoresist material by copolymerizing NIPAMs and nitrobenzyl acrylates (NBAs) [33] . They found that only 5 mol% of NBA would decrease the LCST of the copolymer below room temperature (∼10 ∘ C) because of the hydrophobic nature of the NBA. Upon irradiation of UV light at 365 nm, the NBA moieties left and the residual hydrophilic carboxyl groups increased the LCST of the copolymer above 40 ∘ C. This character of PNIPAM also was used for photocontrolled drug release. Recently, Li et al. prepared thermo-and lightresponsive micelles as drug carriers by self-assembling PEOb-P(NIPAM-co-NBA) in water [34] . Upon the irradiation of UV light, the micelles were disintegrated because of the LCST change of the P(NIPAM-co-NBA) block and realized UVtriggered drug release.
To combine the advantages of the less detriment of NIR light to body and enhanced sensitivity of thermo-and lightresponsive polymers to light, we fabricated upconverting hybrid nanoparticles by self-assembling PEO-b-P(NIPAMco-NBA) with the presence of UCNPs in water. The results indicated that the hybrid nanoparticles had a core-shell structure with UCNP as the core and PEO-b-P(NIPAM-co-NBA) as the shell. Furthermore, we used Nile Reds as the model drugs to investigate their light induced release. The result indicated that, as shown in Scheme 1, when the upconverting hybrid nanoparticles were irradiated by NIR light, the UCNPs converted NIR to UV light to induce the photocleavage reaction of NBA moieties in situ; then, as a result of the LCST change of the block copolymers, nanoparticles disintegrated and released the loaded NR molecules.
Materials and Methods

Materials.
Poly(ethylene oxide) monomethyl ether (PEO, Mn: 1000, M w /M n : 1.05) was purchased from Alfa Aesar and used as received. N-Isopropylacrylamide (NIPAM, TCI) was recrystallized twice from hexanes. Azobisisobutyronitrile (AIBN, Sinopharm Chemical Reagent, 95%) was recrystallized from 95% ethanol. Triethylamine (TEA, Aldrich) and dichloromethane (DCM, Sinopharm Chemical Reagent) were dried over CaH 2 . Acryloyl chloride, 2-nitrobenzyl alcohol, N,N -dicyclohexylcarbodiimide (DCC, 99%), and N,N -dimethylaminopyridine (DMAP, 98%) were purchased from Aldrich. Acetone, carbon disulfide, 1-dodecanethiol, isopropanol, tetrabutyl ammonium bromide, chloroform, hexane, and diethyl ether were purchased from Sinopharm Chemical Reagent (AR) and used without further purification. 2-Nitrobenzyl acrylate (NBA) [33] , S-1-dodecyl-S ( , -dimethyl--acetic acid) trithiocarbonate (TTCA) [35] , PEO-TTCA, and -NaYF 4 :Tm 3+ 0.5 mol%, Yb 3+ 30 mol% upconverting nanoparticles (UCNPs) [18] were synthesized according to previously reported literature procedures. Water was deionized with a Millipore system to a resistivity of 18.2 MΩ⋅cm. All reagents were used as received unless otherwise stated. [NBA] ratio was 11 : 1 and 20 : 1, respectively. The polymerization procedure was as follows. NIPAM, NBA, AIBN, PEO 1000 -TTCA, and 1,4-dioxane were charged into a round-bottom flask equipped with a magnetic stirring bar. After being sealed with a rubber septum and then deoxygenated with a stream of bubbled nitrogen for 30 min, the flask was immersed in an oil bath at 70 ∘ C and stirred for 24 h. Then, the mixture was cooled to room temperature and precipitated into an excess of diethyl ether. The precipitate was collected and dried under vacuum for 24 h at room temperature to afford the product.
Preparation of Polymer Micelles and Encapsulation of
Nile Red. The procedure for preparation of polymer micelles was as follows. 10 mg of the block copolymer (BCP) was dissolved in 1 mL of THF, which is a good solvent for the two blocks. Under vigorous stirring, deionized water was then added slowly until the solution exhibited a bluish tinge, which indicated the formation of the micelles. After 2 h of stirring, a 4-fold volume of water was added for quenching of micelles. THF and most of water were then removed by evaporation under vacuum at 30 ∘ C until the solution regained the initial concentration. BCP micelles with encapsulated NR were prepared by the procedure analogue to the one for BCP micelles. In brief, the BCP and NR were first dissolved in THF at a concentration of 0.8 mg/mL and 0.125 mg/mL. Water was then added to induce the formation of micelles and simultaneous encapsulation of NR by the hydrophobic core of the micelles. After 2 h of stirring, a 4-fold volume of water was added for quenching of micelles and precipitation of unloaded NR. Precipitated NR was removed by filtration through 0.45 m membrane, and THF and most of water were evaporated by evaporation under vacuum at 30 ∘ C until the solution regained the initial concentration.
Preparation of the NIR Responsive Hybrid Nanoparticles.
The NIR responsive hybrid nanoparticles were prepared as follows. BCP (8 mg) and UCNPs (8 mg) were dissolved in THF (5 mL). Under vigorous stirring at room temperature, 40 mL of deionized water was then added dropwise to the solution over 2 h. The obtained mixture was centrifuged at 4800 rpm for 10 min. The supernatant was discarded and the precipitate was redispersed in deionized water (10 mL) under mild stirring to afford the solution of the hybrid nanoparticles. Nile Red loaded hybrid nanoparticles were prepared by the analogue method mentioned above. In brief, the THF solution of Nile Red (10 mg/mL, 25 L) was added into 5 mL of THF solution containing 8 mg of BCP and 8 mg of UCNPs. Then, 40 mL of deionized water was added dropwise over 2 h. After the solution was centrifuged at 4800 rpm for 10 min, the supernatant was discarded. Finally, the precipitate was redispersed in deionized water (10 mL) under mild stirring to afford the solution of the NR loaded hybrid nanoparticles.
Determination of Critical Micellization Concentration (CMC).
The fluorescence probe method was employed to determine the CMC of the micelles as follows [36] . A predetermined amount of pyrene stock solution in acetone was added into an empty vial, and then the acetone was evaporated completely. A calculated amount of copolymer solutions at varying concentrations was added to the vial, and the final concentration of pyrene in each flask was fixed at 6.0 × 10 −7 mol L −1 . The excitation spectra were recorded at 25 ∘ C on a spectrofluorophotometer with em at 390 nm and a slit width of 5 nm.
Characterization
1 H NMR spectra were characterized in CDCl 3 by VNMRS600 spectrometer (600 MHz). The molecular weight and molecular weight distribution of the polymer were determined by gel permeation chromatography (GPC), THF was used as eluent (elution rate, 1.0 mL min −1 ), and polystyrene standards were employed for calibration. Dynamic light scattering (DLS) measurements were carried out using a Zetasizer (Nano-ZS 90, Malvern Instruments), and these samples were averaged over three measurements. Transmission electron microscopy (TEM) observations were conducted on a JEM-2100F electron microscope. The sample was prepared on copper grids coated with thin films of formvar and carbon successively. Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet 67 spectrometer. UV-vis spectra were acquired on Hitachi U-5100 spectrophotometer. Fluorescence emission spectra were recorded using Hitachi F-2700 spectrofluorometer. The slit widths were both kept at 5 nm for excitation and emission, and scanning speed was set at 300 nm/min. UV-vis spot curing system (Futansi) was used to study the photoinduced dissociation of polymer micelles and the release of encapsulated NR. The micelle solutions were exposed to UV light under stirring. All samples were filtered through 0.45 m filter before the measurement to remove dust.
Result and Discussion
Synthesis of PEO-b-P(NIPAM-co-NBA) Diblock
Copolymers. Two PEO-b-P(NIPAM-co-NBA) block copolymers (denoted as p1 and p2) with different NBA moieties were synthesized by RAFT polymerizations using PEO 1000 -TTCA as the macroRAFT agent. GPC analysis showed that the molecular weights of p1 and p2 were 23.7 and 23.4 kDa, respectively, and the corresponding polydispersities indexes (PDI) were 1.62 and 1.59. The monomodal and symmetric elution peaks of the products clearly shifted to the higher molecular weight region in comparison with that of PEO macroRAFT agent (Figure 1(a) ), indicating that block copolymers were successfully synthesized. The chemical structures Chemical shift (ppm) of the polymers were also characterized by 1 H NMR. As shown in Figure 1(b) , the peaks at 3.37 ppm, 3.98 ppm, and 5.42 ppm are characteristic proton signals of PEO (-CH 2 -CH 2 -O-), NBA (benzyl CH 2 protons), and NIPAM (-CH(CH 3 ) 2 ) moieties, respectively. The NBA molar contents in P(NIPAM-co-NBA) block of p1 and p2 were calculated according to the equation of 0.5 × A 5.42 : A 3.98 , where the A 5.42 and A 3.98 are areas of the peaks at 5.42 and 3.98 ppm, respectively, and the results were 5.06 and 9.41 mol%. The molecular weights of p1 and p2 were also calculated according to 1 H NMR; the results were 23.5 kDa and 23.4 kDa, respectively, which coincided with the results obtained by GPC. the more o-NB groups there are the lower LCST the block copolymer exhibits [33] . Therefore, the block copolymers in current work would be amphiphilic and able to self-assemble to micelles at room temperature. In this work, we used pyrene as the probe to investigate self-assembly behaviors of the block copolymers at room temperature. Figure 2 shows plots of the ratio of fluorescent intensities of pyrene at 336 nm and 332.5 nm ( 336 / 332.5 ) versus concentrations of the block copolymers. The abrupt rises of intensity ratios indicate that the block copolymers self-assemble in water at room temperature, and the corresponding concentrations show that the critical micelle concentrations (CMCs) of p1 and p2 are about 0.24 g/L and 0.056 g/L, respectively. The CMC of p1 is about 4 times the one of p2, indicating that the P(NIPAM-co-NBA) block of p1 is more hydrophobic because of its more NBA moieties comparing to the one of p2. The self-assemblies were further observed by TEM and DLS. As shown in Figures 3(a) and 3(b) , the self-assemblies of p1 and Advances in Materials Science and Engineering 7 p2 are spherical micelles with the diameters about 115.7 nm and 140.5 nm, respectively, which coincide with the results from DLS (insets in Figures 3(a) and 3(b) ).
Micellization of PEO-b-P(NIPAM-co-NBA) and UVTriggered Micellar Disintegration in Aqueous
o-NB esters are a typical photolabile group, which usually yields carboxylic acid under irradiation of UV light with onitrosobenzaldehyde as a byproduct [11] . When P(NIPAMco-NBA) are treated with UV light, they will convert to P(NIPAM-co-AA) (Scheme 1), where the AA denotes acrylic acid. The LCST of P(NIPAM-co-AA) is higher than 40 ∘ C even when AA content is just 5 mol% [33] . That is, the UV light will convert the amphiphilic block copolymers to hydrophilic ones at room temperature and cause the disintegration of the corresponding micelles. To verify the UV light induced photocleavage reactions of the o-NB esters in this work, the UV-vis absorption measurements were performed. Figures  4(a) and 4(b) show the UV-vis absorption spectra of the micellar solutions of p1 and p2 irradiated by UV light (365 nm, 2000 mW/cm
2 ) for various time. The decrease in absorption at 265 nm and the increase at 313 nm prove cleavage of photolabile o-nitrobenzyl ester moieties and the generation of o-nitrosobenzaldehyde [21, 34] . Disintegration of the micelles was able to be observed directly. For example, the original aqueous solution of p1 was turbid and exhibited strong Tyndall effect (Figure 4(c)) ; however, when the p1 solution was treated by UV light for 7 min, it became transparent and its Tyndall effect nearly disappeared, indicating the disintegration of the micelles.
Photocontrolled Release upon UV Irradiation.
The micelles with the character of UV-triggered disintegration may be used as drug carriers with the character of photocontrolled drug release. In this work, we investigated the UV-triggered drug release from the micelles using Nile Red (NR) as the model compound. The principle of using NR as a model compound is based on the fact that the fluorescence emission of NR is low in water due to its very low solubility but becomes much more intense when NR is solubilized in hydrophobic micelle core [37, 38] . Figure 5(a) shows the spectral change of the micellar solution of p1 exposed to UV light for various time. It can be seen that the fluorescent intensity of NR gradually decreases with the increase of the UV irradiation time, indicating that the NR were released from the hydrophobic micelle core to the aqueous solution. Furthermore, we investigated the influence of o-NB ester content on the kinetics of NR release. Figure 5(b) shows the plots of normalized fluorescent intensities versus irradiation time for the NR loaded micelles of the two block copolymers. It can be seen that the less the NBA moieties the polymer has, the faster the fluorescence decreases. Therefore, it can be deduced that the micelles self-assembled by the block copolymer with less NBA content requiring less irradiation time of light to release the cargoes.
Preparation of the NIR Responsive Hybrid Nanoparticles and the NIR-Induced Release.
To convert NIR to UV light, NaYF 4 Tm 3+ Yb 3+ UCNPs were prepared. The morphologies observed by TEM revealed that the particles were nearly ellipsoid with major axis and minor axis about 36 nm and 24 nm, respectively ( Figure 6(a) ). The fluorescent spectrum of the UCNPs excited by NIR light at 980 nm showed output of UV light at about 365 nm ( Figure 6(b) ), indicating that the UCNPs might be used to trigger the photocleavage reaction of the o-NB groups. In this work, we prepared hybrid nanoparticles using p1 as the organic part. TEM observation indicated that the hybrid nanoparticles were about 120 nm and exhibited a core-shell structure with UCNP as the core and polymers as the corona (Figure 7) . To investigate the potential of the hybrid nanoparticles as carriers with the character of NIR-induced drug release, we loaded NR in the hybrid nanoparticles and investigated the NR release under irradiation of NIR light. As shown in Figure 8(a) , the fluorescence of the NR loaded hybrid nanoparticles gradually decreases with the varying irradiation time of NIR. However, when NR were loaded in micelles of p1, there was nearly no change in the fluorescence intensity of NR after irradiation of NIR light (Figure 8(b) ). The results proved that the hybrid nanoparticles released NR by the stimulus of NIR.
Conclusion
In conclusion, we synthesized UCNPs and thermo-and UV light-responsive block copolymers. The UCNPs were able to convert NIR light at 980 nm to UV light at 365 nm, and the sensitivity of the polymers to UV light was able to be controlled by the content of the photocleavable moieties. By self-assembling the polymers with the presence of the UCNPs in water, core-shell hybrid nanoparticles with the UCNP as the core and the polymers as the shell were obtained. Using NR as the model compound, the hybrid nanoparticles were proved to be potential drug carriers with the character of the NIR-triggered drug release. 
